The potential for human exposure to engineered nanoparticles due to the use of nanotechnology-based consumer sprays (categorized as such by the Nanotechnology Consumer Products Inventory) is examined along with analogous products, which are not specified as nanotechnology-based (regular products). Photon correlation spectroscopy was used to obtain particle size distributions in the initial liquid products. Transmission electron microscopy was used to determine particle size, shape, and agglomeration of the particles. Realistic application of the spray products near the human breathing zone characterized airborne particles that are released during use of the sprays. Aerosolization of sprays with standard nebulizers was used to determine their potential for inhalation exposure. Electron microscopy detected the presence of nanoparticles in some nanotechnology-based sprays as well as in several regular products, whereas the photon correlation spectroscopy indicated the presence of particles o100 nm in all investigated products. During the use of most nanotechnology-based and regular sprays, particles ranging from 13 nm to 20 mm were released, indicating that they could he inhaled and consequently deposited in all regions of the respiratory system. The results indicate that exposures to nanoparticles as well as micrometer-sized particles can be encountered owing to the use of nanotechnology-based sprays as well as regular spray products.
Introduction
The US National Nanotechnology Initiative defines nanotechnology as ''the understanding and control of matter at dimensions between approximately 1 and 100 nanometers, where unique phenomena enable novel applications'' (National Science and Technology Council, 2011) . Given the unique properties of materials at such scale, the development of nanotechnologies and their implementation in consumer products are undergoing rapid growth. Regardless of the public's perception of nanotechnology as largely a future issue, nanosized ingredients have already been incorporated in an extensive variety of products in the market (Maynard, 2007; Bradford et al., 2009; Woodrow Wilson International Center for Scholars, 2010b) . The Project on Emerging nanotechnologies (Woodrow Wilson International Center for Scholars, 2010a) currently lists over 1000 nanotechnology-based consumer products. The development and commercial application of nanotechnologies are progressing in the absence of specific regulations or legal guidelines for labeling (Paull and Lyons, 2008) . More importantly, we have a very limited understanding of the potential for exposure to nanoparticles from such products and resulting health effects, which is critical for the development of safety regulations and guidelines (Segal, 2004; Frater et al., 2006; Van Calster, 2006; Drobne, 2007; Warheit et al., 2007a; Schmid et al., 2009) .
The concern about exposure to particles in the size range between 1 and 100 nm is based on the fact that the physical and chemical properties of nanosized matter differ substantially from the properties of the same materials in bulk, including their toxicity, biological, and health effects (Maynard et al., 2006) . Studies analyzing biological and health effects of nanoparticles have shown a whole array of alarming issues, including incursion, retention, and mobility of nanoparticles within living organisms and tissues (Oberdo¨rster et al., 2005b) . For example, 13 C-graphitederived carbon nanoparticles (median diameter ¼ 36 nm) were found to translocate from the respiratory system to the olfactory bulb of the rat central nervous system (Oberdo¨rster et al., 2004) . The same effect was found for the manganese oxide nanoparticles (median diameter ¼ 30 nm) with resulting inflammatory changes (Elder et al., 2006) . Titanium dioxide aerosol particles of 22 nm count median diameter inhaled by rats were later (1 and 24 h) found on the luminal side of airways and alveoli, in all major lung tissue compartments and cells, and within capillaries (Geiser et al., 2005) . Size and state of agglomeration of titanium dioxide nanoparticles administered through various routes have been shown to affect inflammatory response in various mice tissues (Grassian et al., 2007a, b; Wang et al., 2007) . Differential pulmonary effects following rodent exposure to various nanosized TiO 2 particle types (rutile, anatase and their combination) were also documented (Warheit et al., 2007b) .
Notably, these toxicological studies investigated only pure nanomaterials. Hagendorfer et al. (2009) investigated the release of nanoparticles from one nanotechnology-based silver spray product. Their approach addressed only one kind of spray product and did not consider a realistic application scenario. It is important to consider the exposure and health effects associated with the use of various available types of nanotechnology-based consumer products. In contrast to pure fresh nanomaterials, consumer product use can lead to the release of both nanoparticles incorporated in a product and the particles from the product's holding matrix, that is, solvent and other ingredients. Therefore, exposure to nanoparticles from consumer products during their handling, application, and disposal still presents unknown health and environmental risks (Bradford et al., 2009; Keenan et al., 2009; Lioy et al., 2010) . Characteristics of nanomaterials incorporated into the consumer products, including their size, surface area and chemistry, solubility, possibly shape, as well as location and concentration of nanoparticles in the product, can affect the potential for exposure by different pathways and the resulting adverse health effects (Shrader-Frechette, 2007) . The free nanoparticles that are not fixed within a given material are of special concern in the context of potential exposure through inhalation and dermal routes (Hansen et al., 2008; Shimada et al., 2009 ). In addition, nanoparticle agglomerates can exhibit different biological effects compared with uniform particles of similar size (Bermudez et al., 2004) . Interaction with other ingredients of a nanomaterial-containing product and the form in which it is used by the consumers (liquid, powder, spray, and so on) can lead to chemical modification, agglomeration, and other processes affecting the nanosized and/or nanostructured ingredient(s). This can have a substantial effect on the extent of exposure and health hazard of a given product compared with the pure nanomaterial ingredient(s). Thus, it is very difficult to predict the exposure and health effects of a particular nanotechnology-based consumer product with any certainty solely based on the characteristics of nanosized and/or nanostructured components within such a product (Maynard, 2007; Lioy et al., 2010) .Therefore, characterization of nanotechnology-based consumer products in their final form as well as of particle releases during the products' use is absolutely necessary when performing exposure and health risk assessment. However, there are virtually no studies examining compositions of nanotechnology-based consumer products as well as the exposure of consumers to nanoparticles owing to the use of such products in realistic application scenarios. Given the discussed differences between pure nanoparticles and those incorporated and released from products' matrices during application, simulation of realistic exposure scenarios is necessary for reducing the uncertainties in exposure characterization and where necessary improve the products in commerce to reduce exposure (Lioy, 2010b) .
The route and extent of exposure will depend on the type and application mode of the nanotechnology-based products (Oberdo¨rster et al., 2005a) . Application of nanotechnologybased sprays, which are used as cleaners, disinfectants, and cosmetic mists, is likely to result in inhalation exposure as their application yields aerosol emissions in the breathing zone of the user. A report by the Nanomaterial Toxicity Screening Working Group stressed the need to assess exposure to nanoparticles by various exposure routes, including the airborne (inhalation) route (Oberdo¨rster et al., 2005a) .
Given the lack of data on exposure to nanoparticles due to the use of consumer products, this study focuses on one product category, namely nanotechnology-based sprays with the following objectives: (1) characterize nanoparticles in several nanotechnology-based consumer spray products currently in the market; (2) characterize potential exposure to airborne nanoparticles due to the use of spray products in a realistic exposure scenario; and (3) study the regular spray products that perform similar functions and compare them with their nanotechnology-based counterparts. The five types of ''nanoproduct-regular product'' pairs were acquired and tested for potential exposures. They were personal care silver sprays, vitamin-containing facial mists, antioxidantcontaining body mists, hair care sprays, and multi-purpose disinfectants. In addition, a cleaning nanoproduct was also tested. Overall, we believe this project responds to the call for independent, conflict of interest-free and open scientific literature published nanomaterial safety research (Maynard, 2007; Maynard and Aitken, 2007; Shrader-Frechette, 2007; Michelson, 2008; Thomas et al., 2009 ) and attempts to set the ground for more thorough quantitative exposure studies.
Materials and methods

Tested Sprays
Inclusion of the nanotechnology-based consumer sprays in this study was based on the presence of those sprays in the Woodrow Wilson Nanotechnology Consumer Products Inventory (Woodrow Wilson International Center for Scholars, 2010b) . It should be noted that inclusion of products in this Inventory is based on the manufacturer's report regarding the presence of nanocomponents in them. There is no certainty that any given product in the inventory includes nanotechnological components (Hansen et al., 2008; Som et al., 2010) .
A common consumer spray, in which the use of nanotechnology has not been specified by the manufacturer (regular product), was selected to match each ''nanoproduct'' based on the application purpose. The list of both nano and regular products examined in this study along with their compositions and suggested applications as per the manufacturers are presented in Table 1 . Owing to high corrosiveness of the Wheel Nanocleaner and high likelihood of its alternative product being corrosive as well, a corresponding alternative regular product was not tested.
Analysis of Sprays
As relatively little is known about the size and shape of particles incorporated in the consumer sprays, all the test products were analyzed in liquid state using two different methods described below. In addition, we compared the sizes of particles in liquid state with the sizes of particles from the same products in the airborne state, that is, during simulated application of the products.
Sample Analysis using Transmission Electron Microscopy
Size, shape, and agglomeration of electron-contrast particles (those visible in transmission electron microscopy (TEM)) in the spray products were determined using a TEM 2010F (JEOL, Tokyo, Japan). Small drops of each product were spread on HC300-Cu Holey Carbon Film on 300 Mesh As per the manufacturer.
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Copper (Electron Microscopy Sciences, Hatfield, PA, USA) and left to dry in the ambient air for at least 1 h before testing. Particle size was measured manually (Matyi et al., 1987) from the resulting micrographs relative to automatically added scale marks. Particles found in both the nano and regular silver sprays were examined under high resolution, so that atomic grid could be seen. Weak phase objects that have low electron contrast are not visible in TEM images; therefore, only certain types of nanoparticles, for example, certain metal, metal oxide, other inorganic, and some organic nanoparticles, could be seen using the TEM. Another particle feature that could be obtained from the TEM analysis is electron beam sensitivity. It is described as a structural alteration of the tested material owing to radiolysis (Hobbs, 1987; Egerton et al., 2004) . Radiolysis can visually be observed during TEM investigations. Electron beam sensitivity results from electron irradiation above a certain magnification setting (Leapman and Sun, 1995; Turgis and Coqueret, 1999; Carlo et al., 2002) , which results in a higher electron beam power density per unit area of the sample. As mostly organic nanoparticles tend to be beam sensitive (Egerton et al., 2004) , it can be concluded with some degree of certainty about organic or inorganic nature of nanoparticles in the products based on beam sensitivity.
Sample Analysis using Photon Correlation Spectroscopy
Multimodal hydrodynamic particle size distributions in the original concentration of liquid spray products were determined using photon correlation spectroscopy (Bruce and Berne, 2000; Allen, 2003) . A ZetaPALS 90 Plus with included Particle Sizing Software (both by Brookhaven Instruments Corporation, Holtsville, NY, USA) was used for this analysis. Hydrodynamic particle diameter includes the electric double layer around the particle and is the diameter of a hypothetical sphere that would diffuse at the same rate as the particle under examination. This diameter may also be called the equivalent sphere diameter (Brookhaven Instruments Corporation, 1995) . The software uses Stokes-Einstein equation to transform diffusion coefficients, determined by dynamic light scattering, into hydrodynamic diameters presented as measurement results (Bodycomb, 2009) .
Particles of any nature can be registered by this technique as long as their refractive index differs from that of the liquid medium. The Particle Sizing Software calculates multimodal particle size distributions as relative scattering intensity and relative number concentration for each registered hydrodynamic diameter. The highest intensity or the highest number concentration is expressed as 100%. All other intensity or number concentration values are expressed in percentage relative to the corresponding highest values. Thus, the data from these tests provide information used to infer the presence and relative concentration of particles of various hydrodynamic diameters. When discussing the results, the number concentration-and intensity-based hydrodynamic mode diameters have indices ''N'' and ''I'', respectively.
For silver-containing products (Silver Nanospray and Regular Silver Spray), refractive index of 0.18 was used (that of metallic silver). For other products, refractive index of 1.60 was used based on the instrument manual's (Brookhaven Instruments Corporation, 1995) recommendation for non-absorbing, white, opaque particles in the visible spectral region. Imaginary refractive indices were set to 0.00 (this value assumes absence of light absorption by particles at the used wavelength) for all samples based on the manual's recommendation as well. The actual refractive indices of different particles within each product are unknown as the composition of most products is rather complex. However, even with these assumed indices, the data are expected to be of very high quality because particle refractive index is not used to calculate any intensity-or number concentrationweighted distributions. Also for particle sizes below B60 nm, the spherical Mie factors (used by the software for calculating mass and number fractions from the measured intensity fractions) are independent of the particle refractive index (Brookhaven Instruments Corporation, 1995) .
Analysis of the Released Particles in the Airborne State
Particle Release During Simulated Use The first experimental setup shown in Figure 1a was used to measure the airborne particles released during a realistic product application, when a spray product is used near a person's breathing zone. Here, a spray was applied near a commercially available mannequin's head (Image Supply House, Endicott, NY, USA) and the inhalation of airborne particles during the spray application was simulated by sampling through two stainless-steel tubes installed in the mannequin's nostrils. This particular sampling approach mimics the proximity of the spray cone to the breathing zone as it is in the real-life product use. The approach minimizes settling losses of larger droplets that may contain nanoparticles. The two aerosol streams drawn through the mannequin's nostrils were combined into one at the mannequin's nape using a stainless-steel Y-connector. The resulting aerosol stream was then split using a flow-splitter (TSI, Shoreview, MN, USA) and drawn by conductive tubing into a Scanning Mobility Particle Sizer (SMPS) consisting of model 3081 Differential Mobility Analyzer and model 3786 Condensation Particle Counter (TSI) and an Aerodynamic Particle Sizer (APS) model 3321 (TSI). The SMPS has an aspiration rate (Q a(SMPS) ) of 0.3 l/min. For the APS, Q a(APS) ¼ 1.0 l/min. Thus, the combined aspiration rate through the nostrils of the mannequin was 1.3 l/min (Q a ¼ Q a(SMPS) þ Q a(APS) ). The SMPS system was used with a 0.0457 cm impactor (D 50 ¼ 0.656 mm). For the SMPS, particle density was set as 1.0 g/cm 3 as it was impossible to determine the actual density of measured aerosol droplets. In addition, use of 1.0 g/cm 3 density allowed easy comparison of the SMPS particle size distribution, expressed as electric mobility diameter, with the APS data expressed as aerodynamic diameter. The plotted range of particle size distributions was between 14.1 and 685.4 nm for SMPS and 723 nm and 19.81 mm for APS. The actual measurement range of the APS was broader: between 542 nm and 19.81 mm.
The setup was placed inside a Level II Biosafety cabinet (NuAire, Plymouth, MN, USA) with the mannequin head facing the back of the cabinet, approximately 20 cm from it. The inside dimensions of the cabinet are 178.4 cm width, 71.8 cm height, and 57.2 cm depth. The front of the biosafety cabinet was covered with a near-airtight plastic curtain with installed glove sleeves to handle and operate the sprayers. Before each test, the blower of the biosafety cabinet was operated for 15 min with the curtain open to remove most of the particles inside the cabinet. The background particle concentration was also monitored. Then, the curtain was closed, a spray product was positioned about 10 cm to the right of the mannequin's head, and operated by hand using a provided sprayer (if available). The spray cone was directed towards the back wall of the cabinet. The lever of a sprayer was fully pressed with a frequency of B1 s À1 and the spraying lasted for 3 min. Although the duration of a typical application may vary for different products or different users, 3 min is the minimum time needed for the SMPS to measure the entire size spectrum. The concentration and size distribution of aerosolized particles were continuously monitored by the APS and SMPS during the application of each spray. After the end of spraying, the particles inside the biosafety cabinet were removed by turning on the cabinet's filtration system again. Although most of the products were used with the provided sprayers, in the case of Silver Nanospray, the sprayer from another randomly selected nanoproduct was used as a sprayer was not supplied by the manufacturer. For the same reason, the sprayer from Disinfectant Nanospray was used with Regular Disinfectant Spray.
Particle Aerosolization using Standard Nebulizers The concentration and size distribution of aerosolized liquid particles depend on the spraying mechanism and spraying intensity. The same consumer product may be supplied with different spraying mechanisms, thus affecting the size of the resulting particles and consequently exposure parameters. Therefore, we examined the range of particle concentrations and sizes a user could potentially be exposed to by aerosolizing all tested liquid products with two different constant output aerosol generators. The setup for this experimental approach is shown in Figure 1b . The following two constant output nebulizers were used: C-Flow PFA Nebulizer 800-1-020-01-00 (Savillex, Minnetonka, MN, USA) and three-hole Collison Nebulizer. The following accessories facilitating nebulization of small quantities of liquids were used with the Collison Nebulizer: CN41 precious fluids extension sleeve and CN70 polycarbonate precious fluids bottle (BGI, Waltham, MA, USA). The aerosol produced by each nebulizer was diluted with highefficiency particulate air-filtered air and mixed using a passive box-type mixing element (Han et al., 2007) , and then dried using a diffusion dryer model 3062 (TSI) and released into a horizontal test chamber of approximately 10 cm in diameter. The air was isokinetically sampled and measured with the APS and SMPS. The C-Flow PFA Nebulizer was operated in the self-aspirating mode at aerosol flow rate (Q a ) of 1.0 l/min at 38 psi air pressure and the dilution air flow rate (Q d ) was set to 14 l/min. The three-hole Collison Nebulizer was operated at Q a ¼ 4.8 l/min at 10 psi and the dilution air flow rate (Q d ) was set to 10.2 l/min. Thus, in both cases, the total aerosol output flow rate (Q t ¼ Q a þ Q d ) was 15 l/min. Flow rates were measured with a Mass Flow Meter model 3063 (TSI), which adjusts for standard temperature and pressure. Background data were obtained before each testing session by operating the C-Flow and Collison Nebulizers without any liquid feed, and then with ultrapure water 18.2 MO Á cm obtained with Milli-Q Academic System (Millipore, Billerica, MA, USA) feed. The system was placed into a Class II Biosafety Cabinet (NuAire) and the blower of the cabinet was constantly operated throughout the experiments.
Experiments with each product and each test protocol (hand spraying or aerosolization with constant output nebulizers) were repeated at least three times.
Results
Sample Analysis using TEM
A summary of the TEM image analysis results for the spray products is shown in the second column of Table 2 . Electron beam sensitivity category was introduced as an additional characteristic of the particles in the products because it was observed when attempting to view samples at higher magnifications (around 40,000 Â with dark current of 97 mA). Electron-contrast particles were found in three nanoproducts: Silver Nanospray, Disinfectant Nanospray, and Wheel Nanocleaner and five non-nanoproducts: Regular Silver Spray, Regular Disinfectant Spray, Regular Hair Spray, Regular Skin Hydrating Mist, and Regular Facial Spray.
Representative micrographs from a pool of differentmagnification micrographs are shown in Figure 2 .
Nanotechnology-Based Products High-contrast single particles and well-defined separated nanoparticle agglomerates were found in the Silver Nanospray sample (Figure 2a ). Lowcontrast single particles with no agglomerates were found in the Disinfectant Nanospray sample (Figure 2b) . While examining the sample of Wheel Nanocleaner at different magnifications, we found a wide size range of slightly electron beam-sensitive nanoparticles and nanoparticle agglomerates ranging from o20 nm to more than 1 mm (Figure 2c) . No electron-contrast Human exposure to engineered nanoparticles Nazarenko et al.
particles were detected in other nanoproduct samples: Facial Nanospray, Hair Nanospray, and Skin Hydrating Nanomist.
Regular Products Single particles as well as large
agglomerates were found in the Regular Silver Spray sample (Figure 2d and e). Compared with its nanoproduct counterpart, Silver Nanospray, the Regular Silver Spray sample looked much less refined. The sample of Regular Disinfectant Spray contained nanosized particles of approximately 100 nm in diameter (Figure 2f ). High-magnification micrographs (Figure 2g particles were found in Regular Skin Hydrating Mist (Figure 2j ). No particles of less than 100 nm in diameter were present in the sample, but some particles had diameter of less than 200 nm and majority of the particles had lengths between 250 to 600 nm. Most particles were found in a highly agglomerated state. The size and agglomeration, shape and the degree of electron transparency of particles found in Regular Facial Spray (Figure 2k and l) were similar to the particles in Regular Skin Hydrating Mist. Figure 3 shows multimodal hydrodynamic diameter distributions for eight products (four nanotechnology-based and four regular products). For three other products (Facial Nanospray, Regular Disinfectant Spray, and Wheel Nanocleaner), the instrument could not produce valid data, most likely due to the high levels of large particles that distort the autocorrelation function (Bodycomb, 2009 ). The hydrodynamic diameter distributions are presented in two ways: as relative scattering intensity (a, c) and as particle number concentration (b, d). As the relative scattering intensity is proportional to particle radius to the sixth power, this method allows detecting the presence of large particles. On the other hand, the particle number size distribution indicates the relative presence of particles as a function of their diameter. The mode diameters of the intensity (I) and number (N) distributions are listed in Table 2 . From the data acquired, it can be seen that particles of less than 100 nm in diameter were found in all tested products. Numberwise, the distributions of both nanoproducts and regular products were dominated by particles o20 nm in hydrodynamic diameter. The nanoproduct Disinfectant Nanospray contained particles o5 nm in hydrodynamic diameter. In cases where particles larger than 100 nm were found in the nanotechnology-based products, Skin Hydrating Nanomist had the largest diameters, with peaks observed in the size ranges 0.1-1 mm (100% relative scattering intensity) and 1-5 mm (61% relative scattering intensity) (Figure 3a) . Silver Nanospray was observed to have some particles larger than 4 mm. Among the regular products, all were observed to have particles larger than 100 nm, except Regular Facial Spray. Regular Silver Spray had a wide relative scattering intensity peak (max relative scattering intensity) centered on 100 nm with particles as large as 300 nm also present. Regular Hair Spray had a relative scattering intensity peak (maximum relative scattering intensity) around 1 mm. Particles 45 mm were registered in Regular Silver Spray, Regular Hair Spray, and Regular Skin Hydrating Mist. Figure 4 shows size distributions of aerosol particles released during the simulated application of spray products when hand-held spraying was used. Each graph contains particle size distributions averaged over three repeats for one nanoproduct and a corresponding regular product with the same application purpose. The SMPS and the APS size ranges are plotted together in the same graphs and presented as a function of the electrical mobility diameter. Although the APS measures the aerodynamic particle diameter, for spherical particles with density of 1.0 g/cm 3 , it is theoretically equivalent to the electrical mobility diameter. Wheel Nanocleaner and its alternative product were not tested owing to their corrosiveness and potential to damage the equipment.
Analysis of Products Using Photon Correlation Spectroscopy
Size Distribution of Airborne Particles Released from Spray Products
For all but one nanoproduct-regular product pairs, the particle concentrations in the 14-500 nm range were similar within the pairs and ranged from 10 2 to 10 3 cm À3 (expressed as DN/Dlog D p , where D p is particle diameter). The exception was Disinfectant Nanospray-Regular Disinfectant Spray pair where the regular product had the higher particle concentration by about one order of magnitude. As the same sprayer was used for both products (supplied with Disinfectant Nanospray), this concentration difference can be attributed solely to the product properties, including higher concentration of small particles in the liquid. The particle concentration measured by the APS (above 723 nm) was also substantially higher for the regular product. The higher concentration of airborne super-micron particles may be attributed to higher concentration of those particles in the regular product. A substantial difference in the concentration of airborne super-micron particles was also observed for Skin Hydrating Nanomist-Regular Skin Hydrating Mist product pair. Similar to the product pair mentioned above, the use of regular product resulted in a higher concentration of particles 41 mm -by several orders of magnitude.
Particle size distributions obtained by aerosolizing spray products using the constant output nebulizers are presented in Figure 5 . Each graph contains particle size distributions for one nanotechnology-based product and its corresponding regular product obtained using both constant output atomizers. Consistent with Figure 4 , the data are presented as DN/DlogD p cm
À3
, where D p is particle diameter. The mode diameters for all products and both nebulizers are presented in Table 2 . The size distributions are averages of three repeats, except for Wheel Nanocleaner and its regular counterpart where only one test was performed due to their high corrosiveness to the APS and SMPS systems. Due to the excessive foaming, the use of the Collison Nebulizer was impossible for Hair Nanospray, Disinfectant Nanospray, and Regular Disinfectant Spray.
The airborne concentrations of the Silver Nanospray and Regular Silver Spray pair aerosolized by the C-Flow Nebulizer were similar for the entire size range. The difference became more pronounced when these two products were aerosolized using the Collison Nebulizer: the concentration of Regular Silver Spray was higher by 1-2 orders of magnitude for particles of 100 nm and larger. Also, particles as large as 20 mm were detected from both products. For the Hair Nanospray and Regular Hair Spray, the shapes of their size distributions looked very similar with a local minimum around 20-25 nm, a mode diameter between 300-400 nm and a gradual decrease in particle number concentration with increasing particle size. Particles of 20 mm in diameter were detected for both products and both aerosolization techniques. The aerosol from Hair Nanospray had a somewhat higher concentration than its regular product alternative in the diameter range from 20 to 1000 nm.
For the product pair Disinfectant Nanospray and Regular Disinfectant Spray, C-Flow Nebulizer-generated aerosol concentration was higher for Disinfectant Nanospray for particles of 60 nm and less, but generally lower for particles larger than 60 nm. A similar situation was observed for the product pair of Skin Hydrating Nanomist and Regular Skin Hydrating Mist with the latter product's aerosol having higher concentration than its alternative in the regions below B43 nm (Collison Nebulizer) and B66 nm (C-Flow Nebulizer). However, the nanotechnology-based product had much higher concentration of particles in the range from 300 to 700 nm. Interestingly, the nanotechnology-based Skin Hydrating Nanomist had a much higher concentration of particles larger than 10 mm compared to its regular counterpart.
The size distributions of Facial Nanospray and Regular Facial Spray were similar almost over the entire size range. The Collison Nebulizer produced substantially higher concentration in the 15-400 nm range compared to the C-Flow Nebulizer for both these products. The particle size distribution of Wheel Nanocleaner aerosol, generated using only the C-Flow Nebulizer had a local minimum at approximately 35 nm, similarly to the distributions of the ethyl alcohol-containing Hair Nanospray and Regular Hair Spray. Although we did not have information on the solvent used in Wheel Nanocleaner, such a distribution suggests the presence of an organic solvent.
In general, there was a wide particle size distribution with the particle diameters ranging from 14 nm to 20 mm obtained for all products. The only exception was Silver Nanospray, aerosolized with the C-Flow Nebulizer, where the maximum observed diameter was 2 mm. Particle number concentrations in the 14-500 nm size ranged from 10 3 to 10 6 DN/DlogD p cm À3 depending on the product and aerosolization method. Collison Nebulizer typically produced higher particle concentrations compared with the C-Flow Nebulizer for all tested products. The data for ultrapure water nebulization showed that Collison Nebulizer produced approximately 10-fold higher particle concentrations than C-Flow Nebulizer in almost all particle size channels. For both nebulizers, the airborne particle concentrations were lower compared to those from the aerosolized spray products in all size channels. One exception was silver sprays, where particle concentrations above 1 mm were similar to those for ultrapure water.
Discussion
A very interesting and rather surprising result of the study is the detection of nano-sized (1-100 nm) particles not only in nanotechnology-based, but also in regular (non-nanotechnology) products using different particle analysis techniques.
The data obtained using the TEM and ZetaPALS are important since they describe the particles that are incorporated in spray products. However, during the actual use of those products, droplet formation and dynamics come into play; thus, the size of the particles that a product user could be exposed to will be different than that found in the initial product. Analysis of the aerosol formed during simulated product application showed the presence of nano-sized particles produced from both nano and regular consumer spray products (Table 2 , Figures 4 and 5) . In addition, coarse (2.5-10 mm) and super-coarse (410 mm) particles (as defined in Lioy et al., 2002) were released from all products. Since the products were sprayed by hand using the supplied sprayers and the released particles were sampled in a way that simulates particle inhalation by the user, these data show the size distributions and concentrations of particles, to which human exposure would occur during the actual product use. This wide size distribution of aerosolized particles (14 nm-20 mm) indicates that particles would be inhaled and deposit in all regions of the respiratory system: extrathoracic, thoracic and alveolar (Hinds, 1999) . The detected large particles are likely to carry material from product matrix and agglomerates of nano-sized particles. Due to the importance of agglomerates in examining biological effects (Wick et al., 2007; Qu et al., 2009; Wirnitzer et al., 2009) , subsequent research will need to examine the internal structure and composition of the released super-micron particles including the stability of the nanomaterials in agglomerates at the site of deposition in the lung. Also, testing the effect of spray cone orientation within the breathing zone will be a subject of future studies.
Experiments with two different nebulizers show that the concentration and size distribution of the particles released during product use depend on the spraying technique and thus the exposure of users would be affected by the product packaging and the supplied sprayer.
Use of the constant output nebulizers in conjunction with the diffusion dryer produced lower concentrations of large particles compared to hand-held spraying. The nebulizers produce smaller initial droplets and the diffusion dryer removes most of the solvent from the droplets. Therefore, this method allows simulating cases when a product's sprayer produces smaller droplets and/or released droplets have a longer residence time, so most of the carrier liquid evaporates. In these cases, the user would be exposed to higher concentrations of smaller particles, which are able to penetrate deeper into the lung.
When looking at the data presented in Figures 4 and 5, one notices a less than smooth transition in the 600-700 nm range where the data from the SMPS and APS overlap. We chose to present the SMPS and APS data in the exact form as they were generated by the instruments without the use of the TSI Data Merge Software Module (Han et al., 2005) . For the particle size distribution to achieve a smooth transition from the SMPS measurement range (14-700 nm) to the APS measurement range (0.5-20 mm) using the Merge Software, one needs to know a range of particle parameters (Khlystov et al., 2004) , which would be difficult to determine for the diverse range of particle types in the tested spray products. Since the SMPS measurements are based on the electrical properties and APS measurements are based on the aerodynamic properties of particles, the different detection principles can result in different detection efficiency in the transition size range (0.5-0.7 mm) depending on various aerosol characteristics (Hand and Kreidenweis, 2002; Pant et al., 2009 ). Based on our data, it seems that the extent of this effect depends on the tested spray product and can probably be explained by different properties of carrier liquid and particles, including their density and shape, which are largely unknown. Although these researchers reported undercounting by the APS in the transition range compared to the SMPS, with one product -Regular Skin Hydrating MistFwe observed the opposite in the transition size range.
A major difference was found between the size distributions of particles produced from water-based versus alcohol-containing products using constant output aerosolization techniques ( Figure 5 ). In the case of alcohol-based products, Hair Nanospray and Regular Hair Spray, much lower particle concentrations in 15-100 nm region with a local minimum around 20-25 nm were observed, whereas such a dip was not present in particle size distributions of water-based products. A similar resultFa local minimum in the region between 25 and 45 nmFwas observed for Wheel Nanocleaner. The composition of this product, including information about main solvent, was not obtainable, but based on similarity of the size distribution to the Hair Nanospray, the data suggest a volatile organic solvent-based solution.
The mode diameters measured by ZetaPALS were smaller compared with the mode diameters of airborne size distributions for all aerosolization methods. For those products where the TEM data indicated prevalence of nanosized particles, the analysis of aerosolized particles did not show the same results. This can be explained by aerosolized particles primarily consisting of larger droplets from the product matrix that contain multiple single particles as well as their agglomerates. The super coarse particles (above 10 mm diameter) could also be a result of particle agglomeration during their release from the sprays. This observation suggests that a comprehensive analysis of nanotechnologybased products should include analysis of particles within a product as well as analysis of particles that are emitted during product use to understand potential exposure (Lioy, 2010b) .
On the basis of the obtained data, it is difficult to conclude whether the nanoparticles released during the product use are actually engineered nanoparticles that were incorporated into the product or they are derivatives from natural product ingredients, such as from herbal oil emulsification (Kim et al., 1996; Abismaı¨l et al., 1999) , or they are particles from product carrier liquid. Chemical and/or structural particle analysis could provide only some of that information and only for the particle materials that can be analyzed using specific methods. Therefore, making a definite conclusion about the composition and structure of some released nanoparticles is difficult without information from the manufacturers on the nature and concentration of nanomaterials in their products.
Conclusions
This research examined the potential for nanoparticle exposure due to the use of nanotechnology-based and regular same-purpose consumer spray products.
Electron microscopy showed the presence of free nanoparticles and agglomerates in several examined consumer products, including those that are not designated as nanoproducts. Similarly, simulated use of sprays resulted in the release of nanosized particles in both nano and regular spray products, even though the manufactures do not specify the ''nanosize'' of ingredients or even may not know that nanoparticles are present or formed during manufacturing of their products. As an example, the manufacturer lists only chemically synthesized ingredients in the composition of Regular Disinfectant SprayFthis product is also not reported as containing nanomaterials.
On the whole, use of spray products resulted in the release of particles with a wide size distribution. The toxicological implications of the human respiratory system deposition and possible translocation of these particles are not known.
Experiments with hand spraying and constant output atomizers have shown that the spraying technique affects the concentration and size distribution of the released particles. Thus, the exposure to particles from nanotechnology-based and regular products would be affected by the sprayer type.
Overall, the data suggest that the use of investigated nanotechnology-based as well as regular consumer sprays would result in inhalation exposures to single nanosized particles and multi-sized agglomerates, including complex nanoparticle-containing composites.
Future experiments will examine the structure and composition of the released particles more closely. We will also examine the patterns of particle deposition in the lung owing to short-and long-term product uses. However, the most important conclusion is that controlled human exposure studies and product emission studies are essential for reducing exposures of the general public to nano-based materials, especially those that have shown some mechanistic effects in toxicological studies.
